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FOREWORD

The work reported herein was performed by Raytheon Company , Sudhury , MA, under
Air Force Contract F336 1 5-73-C-0678 unde r the direct ion of the ASD (Aeronautica l
Systems Division) . Wright -Patterson Air Force Base , OH. R. Smith , et al. conducted the
study and J. H. Howard was the Air Force Project Engineer.

The work was sponsored by the JTCG /AS, as part of the 3-year TEAS (Test and
Evaluation , Aircraft Survivability) program. The TEAS program was funded by DDR&E / I
ODDT&E. The effort was conducted under the direction of the J TCG/AS Survivability
Assessment subgroup of TEAS element 5.1 .7.1 , UnifIed Survivability Assessment
Methodologies.

This technical report has been review ed and approved .
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This technical report was prepared by the Vulnerability Assessment Subgroup of the Joint
Technical Coordinat ing Group on Aircra ft Surv ivab ility In the Joint Logistics Commanders’ 3
ouganiastlon. Because the SerViCes’ aircraft su rvivability development programs are dynam ic and
changing, th is report represents the beat data available to the uubcroup at this time. It has born
coordinated and approved at the JTCG aub~roup level. The purpos e of the report is to exchange
dat a on all aircraft survivability programs, thereby promoting interasevice awa reness of the DOD
aircraft surv*vablity program under the cognkancc of the Jo int LOgIStiCS Commande rs. By
caroM analysis of the data in thi. repor t , peraunnel with expertise In the airc raft surviv abl ity
area diould be better able to determine technical voids and areas of potential dupilcatlen or
proliferation. I
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This report is a summary of all significant studies performed by
Raytheon Company during our participation in the JTCG/AS
TEAS program. The studies encompass primari ly three areas :

3
Survivability assessment modeling .,

Mission cost-effectiveness methodology s~ fl
Survivability assessment studies 1

In the survivability assessment modeling area, several aircraft
attrition models were evaluated to determine their applicability to )
the TEAS effort , and modeling deficiences were identified. In
addition , attrition modeling requirements were outlined (again
with TEAS objectives in mind) to establish a more effective
baseline model , and modeling validation techniques were studied
to establish model credibility.

A mission cost-effectiveness methodology is described to assist )
the Survivability Assessment Subgroup in the evaluation of the
baseline aircraft. Following the definition of a generalized mission
effectiveness/survivability model, a cost model based on the
WESIAC method was outlined and a sample problem was described
to demonstrate a typical application to the TEAS program.

Finally, survivability assessment studies were performed to
provide examples of how current survivability methodologies could
be applied to the stud y of aircraft attrition.
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NOMENCLATURE

A = availability

A
1 ~ 

events

A2 ~ 
events

tiA = uniform cell area

AAA = antiaircraft artillery

A
1 

= cell area

Av
a
1

T

A = presented areap

As — — relationship of Ày elements

= vulnerable area

Ày = Ày of dual red~~dant co~~onents

— Ày of single components

Ày
T i

C — cost

C—E — cos t effectiveness f

D - design capability

D
ii 

— capability of 1
th out of m possible design
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E(abort/kjll) — event where aircraft aborted its mission because
of damage so severe that it was not able to re-
turn to its base and land safely ; hence, aircraft
is a loss in inventory

E(abort/no kill) = event where aircraft aborted its mission because
of damage sustained but was able to return ~..o its
base and land safely; hence, aircraft Is not a
loss in Inventory

- engagement at mission target

EMT 
- event from t ime aircraft arrives within range of
enemy AAA at mission target until it completes its
bombing run or drive and releases its bombs

E~~ = Event from time aircraft has released its bombs
until it leaves range of enemy AAA at mission
target

E1, E2, • • ,  E
n 

= series of engagements

F~~4 — figure—of—merit

— degradation factor f or enemy radar in detecting
and acquiring attacking aircraft when CM is used

— aircraft design capability degradation factor
caused by enemy AM fire

k — aircraft reliability degradation factor caused byr enemy AAA f ire

L — leverage effect

ME 
— mission effectiveness

n — conventional, i.e., a series

n
1 

- number of scenarios in a given mission when no
AAA is encountered

- ninber of scenarios in a given mission when iden-
tical or similar enemy MA I. engaged in an iden-
tical or similar fashion

‘lii
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P(1 < 
— 1 if aircraft at 1th engagement is within S minutes

— i of flying time from its base, given it sustained
A—kill damage this engagement

— 0 otherwise, i.e., r < 5 minutes

P(T < 30’ 
1 if aircraft at ~~~ engagement is within 30 minutes

— ‘1 of flying time from its base, given it sustained
B—kill damage at this engagement

0 otherwise, i.e., t < 30 minutes

probability that designated aircraft is operative
and available for flight at any instant of time

P = R D = probability of acquisition track
acq/15 acq /T acq / T

by enemy where R
,~ 

Is reliability of acquisition

track and D
acq T is acquisition track design capa-

bility of enemy during time T

= probability that the aircraft will be repaired in
T
1 

time for its new mission flight take—off time after
being damaged during its flight but had not been
repaired and is now demanded for another mission
effect

~A T 
— probability designated aircraft is available for

oI 1 flight at this time

— probability designated aircraft is available for
l~~l flight at start time

“det/T 
— ‘

~det/t 
Dd t/T 

— prob ability of detection by enemy, )
where Rdet/t 

is reliability of detection and

Dd t1T 
Is d:tection design capability of enemy for

• range, speed , altitude and type of attacking air—
craft during time T

a

— probability of detection

lx
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~~~~~~~~~~~~~ -
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— probability that emergency ejection system operates
satisfactorily so crew member survives

— probability of aircraft effectiveness , no enemy MA
f ire

= effective probability of enemy AM during a single
AAA J engagement

RE/F 
= probability of aircraft effectiveness with enemy AAA

i fire

RE/F = aircraft effectiveness probability during a single
i scenario when enemy AAA is encountered with CM

aboard

= aircraft effectiveness probability during a single
i scenario when no enemy AM is encountered with CM

aboard

P~ = aircraft effectiveness probability during a single
i scenario when no enemy AAA is encountered and no CM

aboard

— probability of enemy AAA successful firing , single
SS shot

= probability of hit

= 

~H 
on dual redundant components

D

— probability of hit if detected

= on single components
S

— probability of L .ll

— probability of aircraft falling out of manned con—
A/H 1 trol. within 5 minutes (A—kill) after being hit

(ith) engagement)

P — probability of aircraft falling out of manned con—
trol within 30 minutes (B—kill) after being hit
(ith) engagement) b

x
C
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p

= probability of aircraft remaining within manned
E/H

1 control after being hit and returning to base , but
damage makes it uneconomical to repair (E—kill),
thus it is lost to inventory (jth engagement)

BK/ H = probability of kill given a hit

= UK/H on A. = 

~K 
along a shot line

B
K/H 

= probability of a hit of a given component
j

p
P = probability of aircraft falling out of manned con—KK/H trol within 30 seconds (K—kill) after being hit

(ith engagement)

P = probability of aircraft disintegrating inm.ediatelyKKK/H 1 (KK—kill) upon being hit

= probability of kill of one r—type component
r
i

= probability of kill by single shot
ss

= probability of kill by single shot redundant
SS D systems

= probability that Lf (forced landing) will be
f . successful without injury to crew and without signi—

ficant additional damage to aircraft for damage
levels j = A , B , E , and MA

PMA 
— probability that aircraft will be mission available

x after x hours of time and repair

P
~~ 

— probability aircraft is repaired and becomes
x mission available in x hours upon landing safely

after A-. or B—kIll but not E—kill— probability of mission success — f(A,R,D) fo r E1 to
— a function of the product of probability from

the time the aircraft is selected for the mission up
to and including E~.,.

— probability of survival

~~~~~~ 
_  

_ _ _ _

— 
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3

~‘s of aircraft during its bombing run over its
(EAT) mission

= probability of survival, given aircraft was operatise
S
~ JT 1 

initially , for jth scenario of a given mission which
requires satisfactory performance of in design features
without MA fire

— Pg of aircraft with no abort for i
th engagement

= Pg of aircraft without enemy AAA fire, for f lying
Tli_l ~ 

time from (j_1)th engagement (which could be from
/ takeoff if no engagement has taken place yet) to ith

engagement

= probability that aircraft will survive the mission

R — reliability

R =

3
r i — distance of ith element from aircraft tracking

centroid

TEAS — test and evaluation, aircraft survivability

SE — system effectiveness

S,~ — 1/2 major diameter of an ellipse

S,, 
— 1/2 minor diameter of an ellipse

V~ — st riking velocity

WESTE — weapon system test and evaluation

— number of enemy MA shots during attack time

T
0 

— mission alert time

11 — mission start time

xli
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INTRODUCUON

F o r  the JTCG/AS TEAS (test and evaluatio n, aircraft survivability) program, Raytheon
pe rtormed studie s p rimarily in three areas:

a. Survivability assessment modeling
b. Mission C-E (cost-effectiveness) me%hodology
c. Survivability assessment.

SURVIVABILITY ASSESSMENT MODELING

An attempt was made to better understand EVADE II ,’ SIMFIND 2 ,2 and P001 ~
aircraft attrition models and to investigate modeling problems in general. First , a standard
for information flow in general h-model (engagement model) was established. Then
E VADE II, SIMFIND 2 , and P001 were examined and compared4 to select the most
sui table for TEAS applications. A study was made also to define model validation
tech niques using test data (e.g., HITVAL) and a conceptual man-in-the-loop simulator. To
complement these effo rt s, studies were perfo rmed on particular modeling deficiencies.
These deficiencies included determining:

I .  PK (probability of kill) of distributed components for large A~ (presented area) to
shot distribution variance ratios

2. PS (probability of survival) of aircraft with redundan t systems
3. Interrelationship of error sources in P00 1.

I n addition , SIMF IND 2 was modified to correct a problem with its projectile time-of-flight
algorithm.

MISSION C-E METHODOLOGY

The mission (‘-E methodology work is to aid evaluation of baseline aircraft and pro-
posed modifications. Following the definition of a generalized M E (mission effectiveness)!
aircra ft survivability model , a cost model based on the WESIAC method was outlined, and a
sample problem was described to demonstrate a typical application to the TEAS program.

‘ Naval Weapona Center. E VADE I!, A SimuIatk’n Pr c~rem f t,r : Ep aluatk,n of Air Defense 6ffe ttve,.ess. by
Armament System.. Inc., China Lake, CA . NWC. February 1973. (NWC TN-4565-3.73. Volume II , pub licat~~nUNCLASSIFIED.)

2NavaI Weapon. (‘enter. SJMF IND 2 - D (gf tal SIn.uletlon f o r  A(,vrmfr ~~rv~pab~fty, by Armament Systems Inc.,
China Like, CA. NWC, March 1973. (Volu me H, publication UNCLASSIFIED.)

3Aic l orce Armament Test Laboratory. Ant~Ah ’crsft AnIUe~y ~ mul.tion Computer ~ ogmm. Eglin AFB , FL .
A l ATL . November 1972. (Volume II. publication UNCLASSIFIED.)

4Aerospacc Medical Re.esrch Laboratory. An Analytkal Compena n of Three Aircr af t ArtHt~on Model:, by
t Dr. P. Comwell and Dr. L. Yuan , Rayt heon Company. Wr~ ht.Patterson Afl , OH, AMRL, July 1974. (ER74-4O64~A,

publicat io n UNCLASSIFIED.)

1~ 
_ _ _ _ _ _ _ _
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SURVIVABILITY ASSESSMENT

Two survivability assessment studies were conducted to provide examples of how
current survivabili t y assessmen t methodologies could be used . First, all three attrition
models were used to evaluate potential vulnerability reduction of the F-4 fuel system ,
shown by a measure of PK. The second study defined a handbook to allow quick
computation of the expected P5 for a given scenario, having only a set of graphs, six
cardinal AV (v ulnerable areas), and a ha nd calculator.

SURVIVABILITY ASSESSMENT MODELING

GENERAL PURPOSE E.MODEL

A general purpose E-model was designed to simulate the complex interactions between
a comba t aircraft flying a given flightpath against a ground-based AAA (antiaircraft artillery )
defense threat. It includes all classical elements of an AAA defense system, an aircraft
flightpath generator , and provisions for miss-distance calculation , 

~KSS (probabili ty of kill
by single shot) determination , and ~K classification (Figure 1).

However , to yield results for an aircraft with given vulnerability reduction features , the
specific aircraft configuration, fli ghtpath and tactics, detail s of the AAA systems, and any
pert inent environment terrain factors must be tailored and supplied as input for the model.
Initially , the baseline model can be tailored using information and data readily available ,
considering standardizing submodels wherever feasible. This model can then be updated to
incorporate improved methods of expressing aircraft vulnerability, defense system tracking
errors, etc., as they become available.

The F-model may be applied to a broad class of engagement situations and may
comprise n submodels. It can be used to evaluate survivability payoffs of proposed aircraft
vulnerability reduction features, and/or (with further methodology) to assess mission
effectit~eness/aircraft survivability/cost impacts and tradeoffs.

An engagement represented by the model may be eit~er an independent sequence of
events to study effects of certain changes in detailed p~ ~meters of the participants , or it
may be one of a series of related engagements that make up a complete mission. Either way,
a mission scenario (not shown as a specific element on FIgure 1) is re~ulred to defin e
coherently the conditions under which the engagement is to take place. l’hese conditions are
expressed through four input elements. These wpt~ts must be based on such things as
mission objective, target location , type of aircraft and configuration , characteristics,
payload , fuel , defense and delivery tactics, type and location of defense system, and firing
doctrine.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

2 
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FIgure 1. General Purpose E-Model
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The elements shown in Figure 1 are described in Table 1 , grouped into three
categories:

I . External inputs - Elements - 1 , 2 , 3, and 4
a. Selecting general purpose submodels
b . Selecting and defining form of special purpose submodels
c. Input data for both

2. Submodels - Elements 5 through 15
3. Outputs - Elements 16 , 17 and 18.

The same general purpose submodel may be used as an element for many or all
anticipa ted engagements ; required variations would be controlled ‘y appropriate input
para meters and data. For example , the A~ model may be used for element 13 in all baseline
cases. Howeve r , a new set of AV would be required as input data from element I to cover
each significant variation in aircraft configuration. Similarly, a single set of ballistic
trajectory equations may adequately satisfy element I I  for all ballistic weapons; only
proper coefficie nts for each weapon would be required as input data.

Special purpose sub models cover functions that require specialized formulations. For
example , inputs to element 2 must define the nature of target detection to be used in
element 6, and supply appropriate input to exercise it. For a radar-controlled defense
system , element 6 could involve a search radar and its generic detection equations , and
require the targe t radar cross section as an input. Element 2 would define specific
parameters of the search radar for the particular engagement to be run. On the other han d , a
small caliber, manually controlled AAA system with an optical sight might require only the
insertion of a simple time-delay after terrai n unmasking. A closed-loop automatic tracking
radar with target position and rate outputs for element 8 diffe rs widely from a human
tracker using an optical sight for target azimuth and elevation and open loop estimates of
target range, speed , course angle, and dive angle. The interfacing fire control computers,
ele men t 9, are also completely different in each case , both in algorithm and implementation.
The radar-fed computer might be designed to aim the guns from target azimuth, elevation ,
range and associated rate inputs , while a typical optical-mechanical sight would require the
set of mechanically inserted input parameters from the human tracker.

VALIDATING THE E-MODEL

Proposed methodology by Raytheon for assessing aircraft survivability uses a mission
model. The model includes a series of modular E-models whose inputs and outputs are
coupled in proper sequence by relatively simple, definit ive, analy tical relationships. These
rela tionships are visible , readily discernible, attributable , and understood. On the other
hand , the E-model is more complex, and its outputs generally are not expressible
analytically in terms of its inputs. The E-model must be exercised to determine
experimentally the outcome from a given set of input parameters. Therefore, this study
concentrated on the validation of the E-model.
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Idealize Conditions Initiall y

The E-model has many parameters that affect performance . To better control the
validati on process and facilitate identification of’ problem areas, the number of variables
should be minimized. This can be accomplished by idealizing operating conditions. Addition
variables can be progressively added and checked after initial validation of the simplified
model .

Basic Approach

Con fidence in assessing aircraft survivability reduction using computer simulation
depends on the degree of confidence in the validity of the computer program models that
are used . The validation process attempts to verify that a model does in fact yield results
that are similar to those obtained in the real world. Model outputs are compared with
real-world outputs for the same set of input conditions and constraints.

HITVAL

The HITVAL experiment incrementally measured data elements from aircraft position
up to the aiming angles of the gun barrel (equivalent to the output of the AAA Firing
Submodel of Figure 1) ,  and computed ballistic trajectories from those measured gun aim
angles for the projectiles assumed to be fired. It then compared tnese trajectories with the
measured aircraft positions to determine ~H (probability of hit). Available HITVAL
descriptions indicate that some real-world internal elements were also instrumented so their
behavior could be measu red. If such test data are available from HITVAL 23-mm test , it
should be obt ained as a source of potential validation data for some the the TEAS model
elements.

Suggested Specific Experiments

ANALYT ICALLY DEFINED ELEMENTS. The aircraft Flightpath Generator and Miss
Vector submddel~ (Figure 1) are analytically defined elements whose performance can be
controlled and verified to the extent desired , either analytically or by computer. Therefore,
they receive no further attention here.

AAA SYSTEM SUBMODELS. Several submodels , such as the AAA Fire Control
Computer and AAA Firing Submodel , represent pure hardware components of the enemy
AAA system involve d in the enga~,ement. Their characteristics depend on the particular
AAA system that is called for in the engagement scenario (e.g., 12.7- , 14.5- , or 23-mm).
Even tho ugh they are of the same general weapon type , characteristics, specific parameters
and tolerances that distinguish one from the other must be incorporated in the submode~ -to
provide an accurate represen tation of their behavior.

10
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Validation of such submodels may be performed in a laboratory on samples of actual
hardware components using precision mechanical measuring instruments. For instance, the
optic,iI-mechanicil computing sight (Figure 2) is generic to some of the small caliber AAA
weaponc. It mechanically generates a pair of lead angles for the gun barrel with respect to
the target sigh t angles which are a function of four other operator input settings to the
computer: targe t range , speed , course angle and dive (or climb) angle. Capabilities of actual
hardwa re are defined by the theoretical prediction algorithm that the mechanism is designed
to implement and by the accura cy with which that algorithm is executed. These capabilities
may he determined by comparing a series of static measurements of lead angles with
calculated lead angles as a function of the six input parameters . Measurements on a number
of samples are required to establish confidence in the performance that may be considered
as typi cal of enemy devices. Because the optical-mechanical computing sight is of low
quality, it may be necessary to deliberately introduce errors into the simulated AAA Fire
Contro l Computer to make it imitate the true hardware and its parameters.

The AAA ciring Submodel simulates the behavior of the gun. It includes such
parameters as angular dispersions contributed by gun barrel and mount tilt , slewing and
pointing lags due to inertia , delays in firi ng after trigger is pressed , any applicable limits on
number of rounds that can be fired before ammunitio n supply must be replenished , and the
reple nishment or reloading time. Such data may be available from intelligence sources, or
may be estimated from laboratory measurements on samples of the guns.

TARGET AZIMUTH AND
ELEVATION SIGHT ANGLES

GUN BARREL

RANGE SPEED GIVE/
COURSE CLIMB
ANGLE ANGLE

~~~~~~~~~~~~~ 
--

~~~~~~~~~~~~~~~~~~~~ —~~~~~

OPERATOR TARGET SETTINGS

FIgure 2. Generic AAA Optical-Mechanical Computing Sight.
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AAA BALLISTIC TRAJECTORY SUBMODEL. If characteristics of enemy ammuni-
tion cannot be estimated from intelligence sources , samples should be subjected to firing
tests to establish the nominal muzzle velocity and its variance and all other applicable
aerodynamics and ballistic parameters . The parameters can be inserted into standard
equations for calculating projectile traj ectories , such as BRL equations.

HUMAN [ ACTORS SUBMODELS. The AAA Detection and Acquisition and AAA
Tracking Subsystem Submodels must include performance capabilities and behavior of
human operators . These are some of the most difficult to model because operators vary
from individual to individual due to factors , such as time, learni ng, motivation , physical
condition, design of controls and displays , and environment. Many experiments with many
subjects must he run to establish statistically the form of such submodels and parameters .

E xperime nts with human operators should be designed to minimize interference from
factors that are no t a controlled part of the experiment , and should be conducted with the
aid of experimental psychologists. Laboratory experiments rather than field are preferred
because they generally afford better control of conditions and measurement of results at less
expense . Synthetic AAA trainers , evaluators and scorers , and related technology may be
adapted for such experiments. Furthermore , such experiments can be readily extende d to
include optical cou ntermeasure effects.

AAA Detection and Acquistion Subsystem. The basic parameter of concern introduced
by this sub model is detection and acquisition time. This affects the time delay to be
deducted from available AAA tiring time due to the inability of the gun crew to start
tracking and firing the instant the target comes within firing range. The significance of this
time delay depends on total exposure time of the target (the shorter the exposure time , the
more i mportant the detection and acquisition time). Helicopter pop-up mancuver s , and low
altitude, high speed passes are examples of short exposure time cases.

Experiments are needed to determine the time required for an operator to bring a
target within the boundaries of an optical sight. The parameters that affect this performance
include: alerting (by aircraft sound or external source), terrain masking, visibility, aircraft
flightpath , size, color , speed , background , and the ease and skill with which the operator can
move the gun sight from its initial position to the target direction.

For ex ample , a real or dummy AAA gun with the proper controls , inertia and feel can
be used. Motion pictures of aircraft executing the desired flyby or pop-up tactics against the
desired background can be projected on a screen in view of the operator- A hemispheral
screen is preferred to provide a full overhead and 360-degree azimuth field-of-view for
ma ximum realism , altho ugh lesser flel”~-of-view can yield usable results. The gun sight ~an
be instrumented so it is able to sense when the aircraft is within its view angle with some
degree of accu racy. This can be accomplished with a collimated optical pick-up sensitive to
the aircraft image , which may be modulated or include an invisible infrared spot to identify
it , as wi th standard AAA scoring t rainers .

12
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4

Another approach is shown in Figure 3. The aircraft is projected on a hemispheral
cyclora mic screen , against which the illu mination , backgro und , sky, terrai n , etc., are
projected and controlled with fixed projectors. The aircraft is controlled dynamically in
position and size. which simulates maneuvers and varying range. The projector is
preprogrammed to make the aircraft move with the desired speed and tactics.

S
E xisting gunnery tra ining equipment and facilities should be considered for adaption

and use i n these experiments.

AAA Tracking Subsystem. The AAA Tracking Subsystem is a composite of five
separa te tracking functions , most of which are independent of each other. Thus , validation

• of the t racking subsystem can be broken into validations of the following simpler ta rget
tracking tasks:

I . Angl e tracking (azimuth and elevation)
2 . Range
3. Speed
4. Course angle
5. Dive (or climb) angle

• CVCLORAMIC SCREEN

MOVING TARGET
IMAGE

• —

— —
.—-

—
. 

—I — —— -
S - OPERATOR S

& GUN

— ~~~ 
-~~ SIGHT

~~1~~~~~~~~~~~~
FIXE D
SACKOROUND
AND $KYS PROJ&CTO$$ u

U MOVING TARGET PROJECTORS

J 

Figure 3. Cycloramic Screen System for AAA Human Factors Experiments.
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In small caliber AAA systems, only the angle tracking mechanism provides feedback
that enables the operator to determine how well he is tracking. All other tracking tasks are
open loop. However, some of the AAA systems rely on operator use of tracer bullets to
provide erro r feedback.

An experiment should be designed to measure angle tracking errors between a target
and the gun sigh t as pointed by the operator for a variety of flightpaths. The experiment
would be similar to that shown in Figure 3, with the gun inertia and dynamics faithfully
replicated.

Operator performance is measured by making motion pictures of the optical sight with
the target in its field-of-view for later reduction and evaluation , or by projecti ng a set of
invisible scoring rings about the aircraft and automaticall y sensing these with an imaging
sensor collimated with the optical sights, and recording (and if desired, processing) the
resulting errors in real time. A con trollable intensity simulates desired visibility and contrast
conditions.

Range , speed , course angle , dive or cli mb angle are indepen oent operator inputs to the
gun sigh t computer (Figure 2). Ho wever , the same method may be used for measuring
hu man perfor m ance in estimating these parameters. The operator is provided with cont~~ls
similar to that available on the real gun sight computer. The controls are instrumented to
auto matically record the settings. Motion pictures of targets executing various maneuvers of
interest are projected before the operator , who responds by setting the controls , according
to his estimates. The actual parameters of the target are measured and recorded while the
motion picture is being made , and are played back in real time during projecting. The
operator settings are compared with these recorded measurements to determine the
distribution , shape and biases of his errors .

I f desi red , such experiments can be conducted with live aircraft , with the aid of
suitable instr umentation to measure the true parameters. Aircraft range may be measured
with a tracking radar collocated with the human subject. Aircraft course angle , speed , and
dive or cli mb angles, which do not change rapid ly, can be called in over the radio in real
ti me by the pilot fro m instruments aboard the aircraft .

Weapon System Test and Evaluation Instrumentation. The WESTE (Weapon System
Test and Evaluation ) System at Eglin Air Force Base, Florida , includes sensor and computer
instrumentation fo r scoring simulated ground-to-air combat engagement between real
aircra ft and AAA. The basic sensor is a compact , gimbaled re ference rada r-beacon
combination that measures target position and rates with respect to the weapon. In the case
of ground-based weapons, the reference radar is mounted on the barrel of an optically aimed
gun , or on the tracking antenna of a radar-directed gun , and operates with a beacon carried
by the ta rget.

I -)
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I
The accuracy capabilities of the reference radar , as determined by field demonstration

tests, are:

Errors-Standard Deviation

Range Azimuth Elevation
_____ ~~j !jiradians) (milliradians)
24.9 2.7 2.1

This WESTE instrumentation could be used during field validation tests in which a
target passes relatively close to the weapon or measu rement location , since the position
error in the plane perpendicular to the line of sight is on the order of 2 to 3 feet per
thousand feet of range.

SURVIVABILITY ASSESSMENT MODEL ANALYSIS

Approximation of for Distributed Ay3
S

ASI 6 studied cases where the variance of the shot distribution was small compared to
the aircraft A1,. For that analysis, the AV was represented by four I-meter cubes distributed
about the aircraft as shown in Figure 4.

Differences in excess of 100 percent were noted when the distributed A~ was used in
S Model POOl and resulting PH was compared with that from the standard lumped AV model.

Even the component approach (discussed later) suffers in accuracy when considering
vulnerability index methodology, transformation of 6-sided AV to 26 sides for POOl , and
increased computation time required .

The analysis herein describes an intermediate approach , which appears to produce
results with an acceptable degree of accuracy but at the cost of a small increase in computer
time. The analysis includes a comparison of the Ray theon approach with that of ASI and a
study by IDA. 7

Compsny. An Accurete ApproxU,wt ion of m~ Probebtity of Xli fi,r Diztn’biited Vidnavb le Arees byLB. Smith. Sudbu,y, MA , RC, March 1974. (RBS-74-O8, publication UNCLASSIFIED.)
~~~~~~~~ Sy.ism., Inc. Sea~tlvIsy of Ahereft V~lne,ibk Are. R.p-.w,~ tdon. Anah.tm. CA, ASI . September1913. (Unpvb~~~d, UNCL4SSIFIED.)
7lnsthute 1w Dafenie Ae.IyAi An Anelym and Con~ia*on of Three A i,vmft Au,*gon Modds ProMhIlty of KU

by AatbAb~,,ft Gu.u, by Dr. J.A. Roes. Iiidtute lot Defense Ae.Iyuls. Adhtgton, VA, IDA, September 1973. (Piper0 P-967. publication UNCLASSIFIED.)
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Figure 4. AV Representation/Distribution.

DEVELOPMENT. Start with the derived 
~K 

used in POOl :
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1
where.

aircraft dimensions

* Then, using the AS relationship of AV elements , we determine 
~H on AS as:

A5
I 2ir

- 

I exp 

~ 

+ 
b
2 ) ]  

(2)

where ,

A5 — i t R 2

P 

R - root weighted sum square

l A y

r1 — distance of ith element from aircraft tracking centroid

— ~~ of ith components

0
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Defining BK/H (probability of kill given a hit) as:

— ç
and restating PK as: -

— 

~K/IfH

Then , substituting equations (2) and (3) in equation (4):

PK
~~~~~~~~A 

~/i7i

exP[_4(
a2

A + b

2 ) ]

A~ may be equal to A1, and may cause 
~K � I for very small and in cases where

A~~= A .

Ày - AIPK,H (6)
i—i

where,
A1 — unit area

— on A1

If A1 is small and equal to óÂ, then :
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Taking the ratio:

— 

~~~ ~~~ 
1’K/ 111 (8*)

p

— 
n ~~~ ~K/H 1 

(8b)

i—I.

*
This is the expected value of 

~K/H• 
However, this does not account for a spatial distribution

that is non-homogeneous. Expand ing R = .~~ ajr j
2 :

*

~~~ - 
~
‘K/H1 r~ 

(9*)

$ \~/ 
U 

~~~

• ~ [;:;:~ ] ~2 (9b )

Now taking the ratio:

A 
~~ — (10*)

AS n P~K/H 1 2
BK/H ~

i—i

2U ii
— BK/H (lOb )

• 1! *; [~:;:~] ~
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COMPARISON. The IDA analysis (see footnote 6) investigated the ~H on the bottom
of an F-4 (equation 2) for different shot distribution variances and miss-distance vectors.
Some of the resulting graphs were in error and are not thiplicated here. (IDA inadvertently
used the Carlton damage function as the bivariant distribution function.) Note: Using either
form of the Carlton damage function and the bivariant Gaussian function one can obtain
equation I .

on the bottom of the F-4 (Figure 5) for dispersions of 2, 4, and 10 meters are
shown in Figures 6, 7, and 8, respectively. A symmetrical bivari ant normal distribution is
projected onto the A~ of the bottom of the F-4 and the ~H determined. The ~H is
computed also by equations 1 and 5 for miss distances of 0 through 10 meters . For this
analysis, R was found to be 4.2 meters for homogeneous weighting.

ASI used the POO l model to compare the distributed AV concept against the
nondist ributed AV. For simplicity, this comparison is in the same format as used by IDA.
Figures 9 through I I  present the ~H on the bottom of the aircraft for dispersions of 2, 4,
and 10 meters , respective ly. Again , ~H is computed by equations 1 and 5 for miss distances
of 0 through 10 meters. In this case, R was found to be 9.35 meters.

I I I I I I

0 5
METE RS

Figure 5. F-4 Bottom Profile.

20



t.

JTCG/AS-75-S-002

PROJECTILE PATH NORMAL
TO SOTT0M OF AIRCRAFT
DIRECTION OF Muss VECTOR

01 ~~~‘. 0 TOWARD NOSE
A 90 DEG FROM NOSE

01 V 160 DEG FROM NOSE

V % — APPROXIMATION BY MODELS
0.7 -- APPROXIMATIO N IV A

S.• S. 0
0.8 -

S.

II~~~01
0

0.4 V
S.

S.

0
MiSS VECTOR MAGNITUDE . METERS

Figure 6. on F-4, a = 2 Meters.
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Aircraft Survivability with Redundant Systems

A heuristic approach to evaluate of an aircraft with redundant systems shows
that :

= Av ~H s 
+ ~~ H (11)

wtic re,

2 rr o o  exp 

~ 
(
~~ 

+

Av = A~ of single components
S

= 

~ H 
on single componen ts

S

= of dual redundant components
D

P = P on dual redundant componentsH

Aircraft dimensions <<~ + cy 2 (See footnote 6.)v x  y

This would demand changes to VAREA~ program and other survivability simulations.

8Nav.1 Weapons Center. V.4RFA Computer P,c~mm . by Armamcn l Systcm s , Inc. • China Lake, CA, NWC. February
1971. (6IJTCt3 /ME-7I.6-I, Volume II , publication UNCLASSIFIED. )

c )
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DEVELOPMENT. JTC’G for Munitions Effectiveness9 de fin ed as:

p — P (x ,y)g( x ,y)d xdy
ss -

~~

where the Gaussian damage functions is:

C.. 

• 

PK (x ,y) = exp 

[

i(x
2
~~~~~)]

and the bivariant normal distribution is:

g(x ,y) a 2~a a  e~~ — 
-a)

2 
+ ~~

x y  \ 
(y
x ~~ /

The derived result as used in POOl (see footnote 3) is:

~
Kss 

- 2wa~a~ 
exp [- ~ 

(a

2 
+ b

2)] 
(12)

where,

I Av
2WS S << 2ira2

However, if ~ is developed as follows:

P — P  PKss K /R H

Weapons Center. DvyVmtlon of Seketed Kill PrebebSfty Fo,,,ndas. China Lake, CA, NWC, March 1973.
(JT(’CIME-72. publication UNCLASSiFIED.)
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r

where .

AvU K/H - 

Ap

P If  A (x ,y)g( x ,y)o xdy
H ..

~~~~~ 
p

A (x ,y) = a closed curve outlining the aircraft with value I inside, -0 outside ,
with the origin at the center of the aircraft. Then ,

A

= If g(x ,y)d xdy
A
P

Now, if A~ <<a~
a
~ 
(see footnote 6 for alternate criteria):

PH~~~
A (0,0)

Pg

= 
2lTa a 

exp 4 ($_ ~÷ b
2)]

then the same as that derived in POOl (equation 12) with only the one assumption. This
assumption becomes invalid in certain engagements, but here we go to smaller areas to help
gua rantee validity in the development. If a survivability simulation program could use an
algorith m similar to that used in VAREA to compute A~ , then it could be represent ed as
follows:

- 27ra a exp [-4 (4- + :!)]
(~)
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where ,

A is broken into N cells
P

— A1 ~K/H 1

A1 
— cell area

— BK/H along a shotline on A~.

AS! (see footnote 6) defined PgJH of a shotline as:

BK/H = 
~KfH1 

+ 
~~~~~~~~~ . ~K/H~ (i 

- PK/H )1—2

for n components on a shotline; n is a subset of M where M is all aircraft components.

Defining:

—

i— i j

where,

“K/H J 
- “K/Hi (i 

- P
K/H

)

If we try to sum over components, then for rth type components:

~K E  ~~

where n = numbe r of redundant components.

27
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Summing all components:

K
r 1

or for dual redundant systems:

— + 
~~~(P KriXPKr 2~ 

(13)

Since.

Av 1 / 2  2\1r1 1~~~
a
1 

b~
— 2ira,CQ)~ 

exp 

[ ~ k ~ +

from the ASI report (see footnote 6) and using:

Av - AIPK/HI

then ,

PK — 

~~r Hs 
+ 

~~~ (AVr1XAvr2) 
1
~~D

which is an expansion of equation II where,

AVS~~~~~~~~
AVr

I)

• - .1
- .1
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a

— 

~~~ ~~r1 ~~
r
2

I 
This would require changes in VAREA and other survivability simulations. In VAREA ,

AVS and AVD would have to be coded while for the survivability models AV S and AV Dwould now be inputs and PKSSD coded.

Conditional Validity. The formula for ~K of an aircra ft with singly vulnerable and dual
$ redundant components is valid only if the two events (kill of a singly vulnerable component

and kill of a dual redundant system) are mutually exclusive. This restriction is due to the
implicit assumption used by ASI in equation 13 (see footnote 6) and is equivalent to:

“ (A1 U A2) “A1 
+ 

~
‘A2 

(14)

This assumption implies that events of A 1 and A2 are mutually exclusive.

For the general situation , the P (A 1 u A2) would be:

~ (A 1 U A2) 
= 

~A1 
+ 

~A2 
— 

(A 1 fl A
2) 

(15)

Based on equa tion 15 , the is:
SSD

p — P  -i- p  — P  P (16)c KSS Ks I(j~ K~

where,

— of singly vulnerable component
I sv

• 
~~~

K
D

”
K

D 
K

DV V1 V2

* — 
~K of dual redundant vulnerable components.

I
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In equation 16, stochastic independence is assumed. Equation 16 is equivalent to:

1 — j’i — 

~K \ /i  — i’ (17)

SSD 
S~j J~

Proof of equation 1 7 is apparent by realizing that ( I  - PK SV ) and (1 — PKDV ) are P
~ 

of the
sing ly and dual redundant vulnerable components , respectively.

Mm Point Sensitivity Study

The survivability assessment community has numerous AAA E-models based on various
levels of testing. In addition, the USAF Aerospace Medical Research Laboratory has a
man-in-the-loop tracking simulator (System Effectiveness Analyzer) used as input to a
survivability assessment model. Since POO l is the pri mary model for the TEAS effort , error
sources that affect 

~~ 
for a range of velocities and crossover ranges were studied. These data

will aid in any comparison of POOl with other models and simulations and in additional
testing programs such as HITVAL.

The attrition model error sources were organized as f ollows:

1. Tracki ng errors

a. Azimuth tracking dispersion
b. Elevation trackin g dispersion
c. Range tracking dispersion

2. Gun system errors
a. Processing errors
b. Gun jitter dispersions

3. Muzzle velocity errors
4. Projectile fl igh t errors

a. Ballistic dispersions
b. Atmosphere dispersions

5. Flight roughness
a. X-dispersion of aircraft due to rough air
b. Y-dispersion of aircraft due to rough air
c. XY in mean interce p t plane.

The engagements were straight and level flybys at 100 meters in altitude. Velocities
were 50, 1 50, and 250 rn/sec at crossover ranges of 0, 500, 1000, and 1500 meters . A
Quad 23 AAA with opt ical tracking and radar ranging was used in each engagement.
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I
The data sets for each engagement were defined as follows:

Case 0 - The nominal case without any program changes
Case I - Tracking errors zeroed
Case 2 - Gun system errors zeroed

Case 3 - Muzzle velocity errors zeroed
Case 4 - Projectile flight errors zeroed

Case 5 - Flight roughness zeroed.

The AV was normali zed to a I m 2 cross-sectional sphere .

The each case i , i= I , a relative change in the 
~K for each shot in the engagement was

calculated by:

“K
case I case 0

Tes t i —
Kcase i

Then the sensitivity of each case was calculated by:

Tes t I
Sensitivity ~ = 

~ Test I -

Note that 
~K se is used in the denominator of test i because the 1 test i * I.

Figures 12 through 35 show the basic data for each engagement. They are in
pairs: even figures are sensitivity, and odd figures are ~Kss for each shot. This family of

( graphs indicates how POO l handles these errors and interaction of these error sources as a
function of velocity and crossover range.

Modification to SIMFINI) 2 Time-of-Flight A~ orithm 10

While using SIMFIND 2 in a vulnerability assessment study , an apparent problem was
discovered with the time-of-flight algorithm: it was producing negative and excessively large
positive time-of-fligh t values. After consulting IDA, it was concluded that the program at
Wright-Patterson AFB was coded properly, but that the trajectory being used disclosed a
wealmess of the algorithm. This algorithm (see footnote 2) solves a fourth order equation
which cannot converge on the correct value for high speeds and long crossover ranges.

Company. Modifka:kn, to SIMFIND 2 f lp~~~f .li741*~ Algorf tlint . by L~ Smith. Sudbury . MA. RC.
November 1913. (Memorandum RBS-7 3 - I2 , publication UNCLASSIFIED.)
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Figure 12. 
~K55 Sensitivity, 0-Meter Crossover, 50-Meter/Second Velocity.
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FIgure 13. P~~~, 0-Meter Crossover, 50-Meter/Second Velodly.
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Figure 14. P)ç~ Sensitivity, 0-Meter Crossover, 150-Meter/Second Velocity.
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FIgure 15. PKgg, 0-Meter Crossover, I 50-Meter/Second Velocity.
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Figure 16. ‘xss Sensitivity, 0-Meter Crossover, 250-Meter/Second Velocity.
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FIgure 17. PJ~~g, 0-Meter Cro o,sr, 250-Meter/Second Velocity.
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Figure 18. PKss Sensitivity, 500-Meter Crossover, 50-Meter/Second Velocity.
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Figure 19. P~~~, 500-Meter Crossover, 50-Meter/Second Velocity.
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Figure 20. P~~~ Sensitivity , 500-Meter Crossover, 150-Meter/Second Velocity.
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Figure 21. PKSS. 500-Meter Crossover, 150-Meter/Second Velocity
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Figure 22. 
~KSS Sensitivity, 500-Meter Crossover, 250-Meter/Second Velocity .
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Figure 23. Pj~g5, 500-Meter Crossover, 250-Meter/Second Velocity.
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Figure 24. PKSS Sensitivity, 1000-Meter Crossover, 50-Meter/Second Velocity.
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Figure 25. PK~g I 000-Meter Crossover, 50-Meter/Second Velocity .
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Figure 26. 
~KSS Sensitivity, 1000-Meter Crossover, I 50-Meter/Second Velocity.

0.05 —

0.04 -

0.03 —

4

0.02 —

0.01 —

0 I I I~~~~~~ r —I————— -
-28.30 —23.30 —18.30 —13.30 —8.30 — 3.30 1.70 6.70 11.70 16.70

TIME , SEC
()

Figure 27. PK~~’ I 000-Meter Crossover, 150-Meter/Second Velocity.
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Figure 28. PK55 Sensitivity, 1000-Meter Crossover, 250-Meter/Second Velocity.
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Figure 29. PKSS, 1000-Meter Crossover, 250-Meter/Second Velocity .
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FIgure 30. ~~~~ Sensitivi ty , 1500-Meter Crossover, 50-Meter/Second Velocity.
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Figure 31. ~‘css’ I 500-Meter Crossover, 50-Meter/Second Velocity.
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Figure 32. PKSS Sensitivity, 1500-Meter Crossover, I SO-Meter/Second Velocity.
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Figure 34. PJCSS Sensitivity, 1 500-Meter Crossover, 250-Meter/Second Velocity.
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L Figure 35. Pjc5~, 1500-Meter Crossover, 250-Meter/Second Velocity.
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A time-o f-flig ht algorith m similar to that used in POO l (see footnote 3) was coded.
With SIMFIND 2 modified, flight times were obtained similar to those from EVADE II and
POOl. Appendix A contains the input to SIMFIND 2. To simulate a Quad 23 (whi ch is
assumed to have an electronic fire control system), the dispersions for climb angle and
course angle were set to 2 degrees and the range error at 5 percent. The trajectory used was
straight and level at 5000 feet with a 2000-foot crossover at 430 knots.

Typical engagement results with the modified and unmodified SIMFIND 2 time-of-
flight algorithm are :

Number of Kills Standard
per 1000 Sorties Deviation

Modified 8.8 2.5
Unmodified 0.41 0.58

The SIMFIND 2 program was modified by deleting subroutine NEWT and substituting
subroutine GUNAIM as coded in Appendix B.

MiSSION CE METHODOLOG Y

METHODOLOG Y

Figure 36 shows a simplified TEAS attrition model. With the output data , mission
tradeoffs can be performed and judgments can be made concerning the merits of given
aircraft survivability features in the context of a complete mission. Herein are the
methods 1 I by which the results can be extended to yield information on mission
relationships. Included are a description of the general ipproach (Table 2) and discussions of
mission inputs and tradeoffs , engagements, and mission C-E.

Mission Inputs

Require d inputs are listed in Table 3. Init ially, to simplify the mission model , all
aircraft parameters, except fuel and weapon load , remain constant throughout the mission
(e.g., no e tTect of damage on detailed aircraft fligh t characteristics). Kill categories must be
standard, such as those prepared by the Vulnerability Assessment Quantification Panel
(Aerial Taiget Subgroup) for the JTCG/ME Target Vulnerability Group. These kill
categorics reflect vari ous levels of combat damage described in terms of time within which
the aircraft falls out of manned control, is forced to land , or is unable to complete the
mission , and time to repair. P1~ and AV data for a particular aircraft must be supplied as
inputs to the E-model. Furthermore, to obtain mission cost outputs , data on aircraft repair
times and costs for the various levels of mission availability must be obtained from
applicable Technical Orders, Technical Bulletins and Regulations , or from manufacturer
estimates for new developments.

t1 Raytheo n Company. .4 Mf lskrn hjfr tlven u/Swvip blily/Ccø Methodology f ~’ the T’&4S ?o~r.m, bt

LR. Doyon , Sudbury , MA , Oclobe r 1913. (PublIcation UNCLASSiFIED. ,
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INPUTS :

~~~~~~~~~~A DA/C RESEARCH I ENVIRONMENTAL I
_ _ _ _ _ _ _ _ _ _ _ _ _  

COPIDITIONS DATA J~~~~~
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~~
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~~~~~~

,

~
LTHREAT DATA 

MISSION
A/C DATA 

_ _ _ _ _ _ _ _ _ _ _ _ _I ENGAGEMENT

L MODEL Ii
’—’ 

SCENARIO

MISSION C-E AND 1 TIME HISTORY
I AIt SURVIVABILITY

_ I
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~~~~~~~ _ _ _  _ _ _

~z I II
o~~ l A~~~~

~~~ i ~~~~~~
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Figure 36. Overview of Proposed Mission C-E/Surv ivab ility Methodology .

_________ 

Table 2. General Methodology Approach.

Problem Given Determine

a. Specific aircraft configuration Aircra ft survivability
b. Specified mission scenario M E

Mission costs
Mission C-E

2 a. Specified mission scenario Most C-E configuration, (or combination
b. Given aircraft or type of of features) for carrying out the mission

aircraft ORc. Set of candidate configu-

features) yielding highest survivability for
rations or features Aircraft configuration (or combination of

• - given mission costs.

45

~0

- - 
-

~~~~~~~~~~~ --- 
— —-

~~~~~~~~ 
- — - — — -I—



JTCG/AS-75-S-002

Table 3. Required Mission Inputs.

Category Input

Aircraft and its configuration Righ t performance parameters
Vulnerability data
Payload
Fuel
Cost data: accountable items re-

qn;red for mission
AAA threat Defined defer~.e systems to be

encountere d
Locations
Dispositions

Mission scenario Defined objective
Environmental and terrain factors
Flightpa th and mission profile
Weapon delivery tactics

The inpu ts should be the product of a skilled mission planner. The methodology then
provides for quantitatively evaluating the results. Knowledge of these results provides
feedback to the mission planner that enables him to score, rate, and improve planning
capabilities. Also, vulnerability reduction features may not of themselves improve mission
results; they may provide only capabilities . These capabilities may have to be exploited by a
mission planner to realize mission benefits.

Mission Tradeoffs

The mission planner has many parameters to ju ggle to suit a particular set of
ci rcumstances, induding:

1. Distance from base to target
2. Weight of payload to be delivered
3. Size of target (accuracy required)
4. Time interval for making delivery
5. Anticipated opposition
6. Environmental and terrain factors
7. Resources available

a. Aircraft capabilities
b. Number of aircraft
c. Air crews
d. Ground crews
e. Repair and maintenance facilities
f. Repair parts

8. Contingencies
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For exa mple , mission costs may be determined as a function of aircraft vulnerability
reduction feat ures, while maintaining constant ME. This would entail the assignment of
additional aircraft with payloads sufficient to compensate for those lost to the defense
system. The weight penalty imposed by vulnerability reduction hardware would be directly
translated into a reduction in fuel and/or payload.

Tradeoffs may also be made between assigning multiple aircraft to deliver payloads in a
single sortie and the turn around and reuse of fewer aircraft. For a given configuration , the
mission planner can alter the allocation of fuel and payload , and thus vary the total number
of trips to the target to delive r a payload.

Except for the actual effect of the defense system on aircraft attrition , the mission
costs for a given aircraft configu ration in a given mission scenario can be estimated in
adva nce (including estimated attrition). Normally, this is done by the mission planner as he
formulates the plan. Exercise of the model permits an objective evaluation of the results,
which are a conseq uence of both the airc ra ft configuration and how effectively the planner
has exploited it.

Mission - A Series of Engagements

Figure 37 shows a mission comprising a series of individual engagements (E 1,
1 2, . . . En ). Inputs to each engagement are : ( I )  local conditions and aircraft flightpath
called for by mission scenario, (2) results of any earlier engagements (e.g., survival status),
and (3) analytically determined changes (such as reduction in weight due to fuel
consu mption or weapon delivery) that have occurred during prior intervals of flight.
Adjustments are made also for possible mutual coupling effects between engagements. For
example , 

~D (probability of detection) and PH/D (probability of hit if detected) at an AAA
site fa rther along the tlightpath may be higher than that at a prior site as a resul t of earlier
alerting of the gun crew.

Results of each engagement are evaluated in succession to determine aircraft status,
e.g.. whether it has survived and can proceed to the next engagement; or if killed , the kill
category , and whether it was able to deliver weapons before kill. Then the results are
gathered and processed to yield a measure of mission performance and cost.

Alte rnatively, to facilita te assessment of the mission, a variety of E-models may be
standardized and corresponding 

~K evaluated statistically in advance and entered in a
look-up table. A mission could be assessed then by selecting E-models that apply, and
gathering and processing thei r predetermined 

~K in the proper sequence (Figures 38
and 39).

_ _ _ _ _ _ _ _ _

~~~~~

•
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E-Model

As mentioned earlier, inputs to the E-model (Figure 1) are tailored for the particular
engagement and aircraft status at that point in the mission. Required outputs incl ude
individual 

~K (statistically determined fro m a number of passes) for each of the established
kill categories and for the engagemen t during which the payload is supposed to be delivered.
Time history is required also to indicate when the kills (if any) occurred. These outputs
enable subsequent assessment of aircraft survivability , ME, and costs. For example , for a
mission consisting of n engagements, each of which yields an individual PS:

— 1 - (PD ) ( P H /D )(P K/ H )  
— — 

~K
1

the 
~~~ 

(probability aircraft will survive mission) is:

— — i~1 
1 - (P D )(PH / D ) ( P K/H

) 
— 1 - 

~K1 r

_ _  h
-~~~~~

r. 
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Mission C-E

C-E is a measure of benefits to be derived from resources expended and comprises M E
and costs. ME is a measure of the completeness with which mission obj ectives are carried
out. Determination of M E and costs (Table 4) is accomplished by feeding the outcome of all
engagements into a mission model such as that shown in Figure 40. ME is established
pri marily from the ability or inability of the aircraft to deliver its payload. Successful
delivery of the payload is based on whether the aircraft is killed, type of kill , the time of
kill , and time of payload delivery. For example, damage may degrade delivery accuracy or
only a portion of the payload may fal l withi n the designated target area. An aircraft kill may
also induce delay s that prevent delivery of pajl oad within the specified time interval.

Mission costs are based on whether the ~raft survived the mission and returned to
base, extent of damage (if any), etc., as determined fro m kill categories, time (and location)
of kill , fue l remaining, and aircraft characteristics . Since costs include time and skilled
personnel as well as materials, the cost model includes factors needed to convert the costs to
a common unit.

After ME and costs have been independently established, these factors can be input to
an appropriate model and combined to yield a single FOM (figure-of-merit). This single
index can facilitate comparison of alternate models. However, a minimum acceptable level
of ME must be exceeded for a C E  ratio to have meaning. Otherwise, a system with very low
M E but close to zero cost might be scored very high.

Table 4. M E and Costs.

Factor Description

Objectives Deliver given payload on specified target within
given time interval

Actual payload delivered on
ME 

target withi n given time interval <
Mission objective

Costs All costs incurred in carry ing out mission and re-
storing to initial conditions:

Payload
Fuel
Personnel
Facilities
Repairs
Turnaround

_______________ 

Retrieval , etc.
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MISSION C-E MODEL

Method

There is no single correct C-E model. However , all methods used in the various models
require the FOM to be expressed as a value between zero and unity. Thus, all in put
para meters have to be expressed as probabilities or as parameters norm alized against a
reference. Of the many methods , WESIAC was selected for this study. For the WESIAC
method , the states of the system are defined and calctJated at aft critical stages and points in
time of interest. Each state must be identified as being:

I . Steady-state
2 . Temporary-transient state
3. Indefinite-transient state.

I n additio n , the following must be identified and defined for each mission :
I .  Constraints, restrictions, limitations , and boundaries
2. Risks and uncertainties
3. Decision criteria for mission success
4. FOM.

Definitions

The following symbology /def initions are used:

A = Availability - A probability parameter; a measure of system condition at the
start of a mission; a measure of operational readiness as a function of
t urnaround time ; a function of relationships among hardware, personnel , and
procedures for equipment maintenance and repair.

C’ = Costs - Manpo wer , mate rial , and time expressed in dollars (for convenience);
comprises nonrecurring (investment or fixed) and recurring (annual operating)
costs.

D = Design Capability - A probabilistic parameter or a deterministic design-
performance parameter which is fixed for each mission; measure of system
ability to achieve mission objectives, given system condition during the mission
(design adequacy); specifically accounts for performance spectrum of the
system.

L = Leverage Effects - Influences in terms of benefits and cost impacted on other
systems in the vicinity by the given system. For example , dose air-support to
ground troops is in essence the use of air artillery. Hence, it has an impact on
the types and quantity of targets for ground artillery.

‘For a nWte nt preIen~ tk,n, thi, report modifies WESIAC symbology. e.g. C • cost, D - deije capablity. - )
R = tell blbty (replaces d.pendablity), sod P1, used r~ prime symbol ie ~I probsblIty terms.
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R = Reliability - A probability para met er . a measure of syst em condition at one or
more points during the mission , given the syste m condition at the start of the
mission ; a measure of aircraft P5 as a function of mission time.

SF = System Effectiv ene s~s - Measure of the extent to which a system may be
expected to achieve a set of specific mission requirements ; thus
SF = I (A , R, D) .

1S F. 1)
C - F - f

Ca tegorizing h-Model Inputs

Whether an in put fits into the numerator or denominator of the C-h equat ion depends
on whether it is descri bed in terms of a benefit derived or a resource expended. Fro m the
generalized relationship:

= ~ 
(A , R. 0. L) 

— 

~ 
(benefits derived)

___________ — (resources expended )

note that  C in terms of expe nditures is a resource expended, hence is always in the
denominator .

Some factors identified in Table 3 are not input factors but constraints to input factors
or the F-model as a whole. An example is the flightpath. Others are operations converting a
resource into a benefit. An example is survivabilit y determination.

Tables 5 and 6 categorize the input factors identified in Table 3 and by Princeton’ 2
into A , R , and/or D basi c parameters , and whether they are benefits (numerator) or
resources expended (denominator) factors. Note that most A-factors are strictly A, while
many R- and D-factors fall into both R- and D-categories; logically, reliability (survivability )
is a function of design.

The input factors in Tables 5 and 6 are simply first atte m pts at identifying the inputs.
The list is not complete; many more inputs need to be identified.

Mathematical Modeling

BASIC PRINCIPLES. Having defined the system states, A and R emerge as sets of
first-order differential equations if and only if the restoration (and/or repair , maintenance ,
etc .) rates for A and the failure (and/o r damage , etc.) rates for R are all constant in time and
their arri va l ti mes follow a Poisson probability law. However , experience shows that even if
restoration and failure rates can be treated as constant in time, the arrival times often follow
probab ility laws more complex than the simple Poisson distribution. Thus, the ma t he mat ical
models for A and R are more complex than simple sets of first-order differential equations.
For this reason, computer simulation usually is required.

t 2Prin~eto n Unlvcr~itv Pre~o. 4pplled D),namk P,o~ mnming. by RE. Bellman and S.E. Dreyfus. 1962. IPage 66,
pubIkatK,n UNCLASSIFIED.)
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Table 5. Input Factors for Aircraft.

Category
Input factor — — — Benefit Resource Constraint Operation

A R D

Previously described:

Flightpath and altitude x

Damage level x x
Abil i ty to deliver weapon x x x
Knowledge of weapon track x
Knowledge of weapon launch x

Evasive maneuver x
Countermeas ures model x
Vulnerability model x

Survivability determinatio n x

Aircraft repair model x
Aircra ft turnaround model x
Ability to retur n to base x
Mission time history x

Additional:

Type of mission x _ ) 
- .

Length of mission x
E nvironment , terrain , weather x
Superior trainin g, skills of x
repairmen

High level of spare parts x

Abundance of test equipment x x
Large repair crew size x x
High quality and abundance x x
of tools

Superior repair manuals x x
Logistic delays x X

C)
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Table 6. Input Factors for Enemy AAA.

Category
Input factor — — — Benefit Resource Constrain t Operation

A R D

Previously described:

x x  x

Acquisition / trackin g x X x
probability

Weapo n firing/ launch x X x
probability

l uz ing probability x x x
X X

Miss-distance probability x X

Trajectory computation x
Defense detection and x

acquisition models

Tracking model x

E:ire control model
Weapon firing/ lau nching x

model

Lethality model X

C Kill-class hit distribution X

Addit ional :

Supe rior training, skills of x x
repa i rmen

High level of spare parts x x
Abundance of test equipmen t x x

j Large repair crew x x

High quality and abundance x x
of tools

Superior repair manuals x x
Logistic delays x x
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D can be a mixture of probabilistic indices and normalized performance parameters.

Thus, a C-E model for a reasonably simple system can be extremely complex. Even
when the input data are on hand (which is seldom), much expertise is required to have the
model fit reality. For example , even when all three basic parameters A , R , and D are clearly
defined and accurately represented mathematically , costs associated with each have to be
weighted to reflect proper balance between the net worths of A, R , and D. If the system of
interest is affected by another system. such as an aircraft encountering hostile AAA , it is
important that the two systems be modeled separately with their opposing forces
represented accurately. Therefore , when representing C-E mathematicall y; the ~E (proba-
bility of effectiveness) model usually is developed cree of the cost factor , holding cost in
abcyance until the FOM is calculated. Another practice is to assume temporarily no
i nteractions between A, R, and D. In truth , inte ractions do exist , and have to be factore d
into the model befo re the model is finalized.

GENERA L 
~E 

MODEL WITHOUT CM AND ENEMY AAA. An aircraft without CM
flying a mission with no enemy resistance would have the following PE:

- 

~{PA /T  
+ P

A /T~~f1r 
Ps
S /~ [

~ 
D~J~

j
~ (18)

where:

= probability designated aircraft is available for flight at start time r 1 of
mission, given it was being serviced at mission-alert time ro

~A / r  probability designated aircraft is available for flight at start time r1 of
mission given it was ready at mission-alert time r~ and might have one or
more malfunctions since

= probability of survival (reliability), for 1th out of n scenarios of a given
S~/ r ~ mission , given aircra ft was operative initially, which requires satisfactory

performance of m aircraft design features
performance capability of ~th out of m aircraft design features for
scenario of given mission

GENERAL PE MODEL WITHOUT CM BUT WITh ENEM Y AAA. The R E/F
(probability of aircraft effectiveness given AAA fire ) but without CM is:

— 

(PE)

f
h (~ (1 — 

~EM.A1)) 

(19)
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where:

~E. 
= aircraft effectiveness probability during a single scenario when no enemy
AAA is encountered and no CM aboard

P1:/ F = aircraft effectiveness probability during a s’ngle scenario when enemy
AAA is encountered but no CM aboard

~
kAAA 1 

= enemy AAA effectiveness probability during a single scenari o

number of scenarios in a given mission when no AAA is encountered

“ 2 = number of scenarios in a given mission when identical or similar enemy
c AAA is engaged in an identical or similar fashion.

Expanding equation 19:

( n1 in i\ ~i+ 
~~ 

1’s~~
, ~~ 

D1~
j  )

1( ir~ 1
+ P

A l ]  b~
’
~ 

~~~~~~ (
~ 

k~ D~)]
k

[‘1 
— ~~~~ + 

Ta [ - 
~det T ]

~ : 

+ 
I(P d e t / T a) (~ 

P
a c q / T ) ]

+ 
t(~

et ,ta) (Pacq/T ) (i — 

~F~8 
Pk

)U]})J} 

(20)
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r

where:

2 =
3 = probability that AAA is inoperative at time of attack by aircra ft
4 = probability that AAA is operative at time of attack by aircraft
5 = probability of no detect ion by enemy
6 = probability of detection but no acquisition by enemy
7 = probability of detection and acquisition but no successful hits in 2 shots by

en emy

and where:

k r = aircraft reliabilit y degradation factor caused by enemy AAA fire
= aircra ft design capability degradation factor caused by enemy AAA fire

~1et / Ta = Rdet / ~a Ddet /Ta probability of detection by enemy, where Rdet / r
is reliability of detection and Ddet / Ta is detection design capability
enemy for range , speed, al titude and type of attacking aircraft during
ti me Ta

1’acq /Ta = Racq /T a Dacq /~~
. probability of acquisition track by enemy where

Racq ‘~a is reliab?hty of acquisition track and Dacq /~a is acquisition
track design capability of enemy during time 7a

BEss = probability of enemy AAA successful firing of single shot

2 = number of enemy AAA shots during attack time Ta

GENERAL ~~~~ 
MODEL WiTH CM. If an aircraft is equipped with CM, equa-

tions (19) and (20) are modified for this additional equipment to provide ~E/FICM
(probabil ity of aircraft effectiveness given enemy AAA fire and CM aboard):

“E/F/cM — [“‘1 1 [~
t 

(i 

— kcM P
E ) I  

“2 (21)
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* whe re:

= aircraft effectiveness probability during a single scenario when no enemy
AAA is encountered , with CM aboa rd . NOTE: Aircraft operational readiness
factor A must include failure, repair, mainte nance and turn-around time of
CM equipment. Parameters C and D may be affected if added cost and weight
of the CM are significant factors (e.g., reduce speed and maneuverability of
aircra ft).

= aircraft effectiveness probability during a single scenario when AAA is
encountered with CM aboard. NOTE: Survivability parameter R must
include failure rate of CM equipment.

kCM = degradation factor for enemy radar in detecting and acquiring attacking
aircraft when CM is used. More precisely , kcMdet = degradation factor due
to 

~det Ir a and kCMacq = as degradation factor due to Pacq /~a ~fl

equation (20).

Application

ADDITIONAL DEFINITIONS. Following notation already adopted :

1 - (1 - 

~H/det i \ ~ = probability of at least one hit from 2 shots by enemy AAA
/ during 1th engagement, given that aircraft was detected

The symbol PK/H~ (probability of kill given a hit during ith engagement) is too general
in that there are five kill levels in the attrition category. Thus, more specifically, let :

~K KK /H = probability of aircraft disintegrating immediately (KK-kill) upon being hit

~K K/H . = probability of aircraft falling out of manned control wIthin 30 seconds
(K-kill ) after being hit

= probability of aircraft falling out of manned control within 5 minutes
‘ (A-kill) after being hit

PK B/H = probability of aircraft falling out of manned control within 30 minutes
(B-kill) after being hit

= probability of aircraft remaining within manned control after being hit
and returning to base, but damage makes it uneconomical to repair
(E-kill), thus is lost to inventory .

For A- and B-kills, the probability that the engagement is close enough to the aircraft
base that the damaged airc ra ft would return to its base, saving the aircraft and its crew , is:

P(7 < = I if aircraft at 1th engagement is within 5 minutes of flying time from
— its base, given it sustained A-kill damage at this engagement

= 0 otherwise, i.e.. r > 5 minutes
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P(7 < 3O~ 
= I if aircraft at i th engagement is within 30 minutes of flying time from

— its base, given it sustained B-kill damage at this engagement

= 0 otherwise , i .e., r > 30 minutes

For K- or lesser-kill , the crew could exercise the emergency ejection. Therefore, let :

probability that emergency ejection system operates satisfactorily so crew
member su rvives.

There is a category of damages less severe than E-kill where the aircraft is salvageable
and MA (mission available) after an elapsed time for repair:

~MA = probability that aircraft will MA after x hours of time for repair.
x

For an E- or lesser-kill where the aircraft is salvageable but requires a forced landing,
survivab ility of the aircraft and crew is jeopardized. For this situation let:

ELf. = probability that L~’ (forced landing) will be successful without injury to crew

~ and without significant additional damage to aircraft for damage levels j A,
B, E, and MA.

For the aircraft which has not completed its designated mission:

E MT = engagement at mission target
E
~ T 

= first part of engagement from time aircraft amves within range of enemy AAA
at mission target until bomb release

= second part of engagement from time aircraft has released its bombs until it
leaves range of enemy AAA at mission target.

~MS (probability of mission success) is a functio n of the product of probabilities from
the time the aircraft is selected for the mission up to and including EMT. Whether the
aircraft survives enemy AAA after bomb release or not affects C-E, but not MS. Thus :

~MS = f (A ,R,D) for E 1 through ~~~

so t h a ,

R = f ~~ ,” 1 P5,

0
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S
Two levels .

E(abor t/no kill ) = event where aircraft aborted its mission because of dam age
sustained but was able to return to base and land safely; hence.
aircraft is not loss to inventory

$
E(abort/ki l l ) = event where aircraft aborted its mission because of damage so

severe that it was not able to return to its base and land safely :
hence, aircraft is loss to inventory

do not requ ire separa te ma thema tical terms or symbols for the mathematic al model of
system effectiveness because they are considered in previous term s and symbols. The abort
event is included when basic par ameter R is considered for up to the (E~ç1’-1 )th
engagement. The no kill and kill features are considered in KK- to E-kill probabilities and
the probabilities for the events when no kill occurs.

Other expressions not previously defined are:

= probability that designated aircraft is operative and available for flight
any instant of time

= P~ of airc ra ft without enemy AAA fire , for flying ti me r from (i- I )th
c (I- I ~ engagement (which could be from takeoff if no engagements have taken

place yet) to ~th engagement (time between engagements).

MATHEMATICAL MODEL FOR TYPICAL PROBLEMS. It is now possible to write
part of general ME mathematical model for typical problem 1 of Table 2 for one aircraft of
a specific con figuration and for a specific mission scenario . Consider only the PS1 of the

t ai rcraft for a single engagement with the enemy AAA fire. For simplicity, temporarily
assume:

1. Operational readiness of designated aircraft is absolute when called upon for
takeoff, viz 

~A = 1.0

2. 
~~ of aircraft in fli ght between engagements and in an engagement when no enemy
AAA is present are absolute,

viz P~ = 1.0 , 
~~~~ 

1.0
‘T(j_ 1 ,i) Si / 7~

3. D of chosen aircraft is absolute for itti engagement , viz

j~ l ~~ = 1.0 (See Ecluation 18.)

I
.
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4. If enemy equipment AAA is inoperative or operationally not ready at time aircraft
is detected by enemy, he will have no chance to repair his equipment in time to
en gage aircraft

5. D of enemy AAA is absolute for 1th engagement, viz

i=l DAAA 1 = 1.0

Even with these simplifying assumptions, the model comprises 12 terms:

Ps1 
1 - + - 

~iiet
i]

+ k.~ Pd ( 1  - 1’R/ det)~~ + [kR kD Pdet
j ]

[‘ 
(
~ ~~~H /det~ 

- 
K
K K / Hj ]  [‘ 

K
K / Hj

+
~~~~

-P K ]+ [PK
P
(T < t)]+ [1

PK
B ]

+ 

~
)KE/ H 11;

(T i30)i1!)1~) 
(22)

where:1 = probability enemy AAA is not operationally ready

2 = probability enemy AAA is operationally ready

3 probability aircraft is not detected
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I C

4 = probability aircraft is detected but no hits occur in 2 shots: R and D are
degraded by k R and kD

5 = probability aircraft is detected ; R and D are degraded

6 probability at least one hit occurs in 2 shots

7 = probability each hit is not KK-kill

8 = pr obability each hit is not K-kill

9 = probability each hit is not A-kill

10 = pr obability if each hit is A-kill, aircra ft is withi n 5 minutes flying time from
base

11 = probability each hit is not B-kill

12 = probability if each hit is B-kill , aircraft is within 30 minutes flying time from
base

If an aircraft that has sustained an A- or B-kill is to retu rn to base immediately, then
including term s 10 and 12 in equation (19) means: if the ~th engagement is prior to the
EMT, then P5~ incl udes the probability of a safe mission abort .

For mission success, the aircraf t cannot abort until after event E~jT. Therefore , 
~MS

under this restriction is:

( (E~~~-1)

~~MS 
= ~ P~110

where :

Ps, /0 = 
~~ 

of aircraft with no abort for it1~ engagement

= all terms of equation (22) except 10 and 12

PS( EAT ) = P~ of aircraft during its bombing run over its MT

= fi rst seven terms of equation (22) on assumption aircraft can complete its
bombing run and mission , even if hi t , as long as hit is not a KK-kil l .

If no engagements are made with enemy AAA prior to reaching the MT. then the
probability of event E~~1’ occurring = I and :

MS = I (Ps ( E ,~
.
~ ))

~~ 

6
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If no engagements are made with enemy AAA at any time before completion of the aircraft
bombing run , then either:

~det 1 = 0

if enemy AAA exists but is not put into action , or:

~AAAA = 0

if no enemy AAA is operationally available. In either case:

= 1.0

in equatio n (22), and hence:

= 1.0
(EMT)

Defining ~A as:

~~spare 
+ 
(i 

- PAspa re) ~SM / D O / D l

+ (i - ~A / ~ A / ~~~~~ 

(23) 

I 
-

where:

1 = probability of a spare of same configuration is ready

2 = probability no spare is ready

3 = probability designated aircraft survived previous mission without damage, or
survived with damage that can be repaired before alert for next mission; for
n engagements with enemy AAA fire in a previous mission:

= (
~ 

PS ,D ) o r (t r  Ps / D )

4 = probability aircraft is not ready at alert time r~, but it can be repaired in time
to go on mission ~~ hours hence

H
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S
and:

PS1/D 0 = firs t four terms of equation (22)

- 
~~~~~~~~~~~ (kR kD P~~~~~ (‘ ~ ~~~H /d et~

[PK / H1 
~ (~ < s)~ ~L~~~~ MA + ~~~ I H 

~ < 30)

PL P]
~~~~ (i 

- 

~~~ ~

where :

$ 1 
= 2ofe q uation (22 )

2 = Sofequ at ion (22)

3 = 6ofe t ~uation (22)

4 = 10 of equation (22)

5 = probability of landing safely after A-kill damage and being repaired in ~ hours in
time for this mission

6 = I2of equation (22)

7 = probability of landing safely after B-kill damage and being repaired in x hours in
S time for this mission

8 = probability that damage was not E-kill

Defining:

~MA = probability of landing safely after A- or B-kill but not E-kill and is
* (j-E) repaired and becomes mission available in x hours;

= 
i~ l ~S~/D1
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since P5 /~~~~ 
is constrained to turnaround time being no greater than x hours. NOTE:

x hours is elapsed time fro m landing of aircraft until repair is complete , which can be less or
more than the elapsed until it is demanded again for another mission . Now if -r is the elapsed
time from when the de mand is made (alert ) until the new mission is completed:

~A /r / 
I) = probability that the aircraft will be repaired in time for its new mission

I I flight takeoff time after being damaged during its flight but has not
been repai red and is not demanded for another mission effort.

Since P A/ r 1 /D l  concerns itsel f with the residue of ~MA~’ whethe r PA/ T I / o l
takes on values of significance or not depends on several factors , such as elapsed times
between mission demands requirin g this particular aircraft configuration , numbe r of spare
aircraft of this configuratio n , working efficiency , speed , skills and size of repair crews under
normal versus emergency conditions, tools and support equipment. Such an analysis involves
the use of queuing theory which is beyond the scope of th ic  ctudy.

The third basic parameter D, (assu med to be units) is the parameter involving trade-off
decisions with respect to the other parameters , A. K and C. It is so extensive in scope, it is
the subject of another study and report . In the interim the use of Dynamic Programming
pa ragraph presents a skeleton example of how this parameter could be treated in the
trade-offs.

Another principal topic to complete the SE inputs is the effectiveness of the bomb
payload. Its treatment can be a separate , but , as a dependent function:

S f(A , R, D) F(R bomb , Dbomb)

or joi ntly as was done for the enemy AAA in this report.

Use of Dynamic Programming

Dynamic programming is suited for the optimal and/or maximum return design
trade-off decisions that will have to be mad e In the TEAS program. Dynamic programming
offers systematic , reasonably simple turn-of-the-crank techniques that yield exact optimum
answers instead of vague trial-and-error and educated-guess answers.

To illustrate how the methods of dynamic programmin g could be used in TEAS see
footnote 12.

Suppose for the P.4 aircraft there are five opportunities to use multiple redundancy on
com ponents that have proven to be critical to the survivability of the aircraft. The
const raints here are cost and weight. Assume fro m a quick analysis it is found that not all
five opportunities can be exploited without exceeding a given cost and a given weight limit.
A decision must be made on the optimal combination of redundancy for the five features.
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Suppose the C. W (weight) and PS of each component are:

Component w~ lb

1 5 8 0.90
2 4 9 0.75
3 9 6 0.65
4 7 7 0.80
5 7 8 0.85

The Ps3 
for the jth component of m additional redundant components is:

P~~~ (mj ) _ 1 _ ( l _ P ~~) m i
+ 1

for j  — 1, 2 , 3 , 4 , 5

Suppose the cost constraint not to be exceeded is 5100K:

0
5

C <  ~ m C 4 $100K
i—i j J

and the weight constraint not to be exceeded is 104 Ib:

5
W <  E m~W — 1 04 lb

i—i J i

0
To optimize the system survivability within constraints C and W:

- 

- PS - ~~~~ 
(IR

j )

67
0

_ _ _ _ _ _ _ _ _  

___________________________



JTCGfAS-75-S-002
V

So, using the bigrange multiplier X , we determine the optimal value of X for the
objecti ve function with cost S lOOK :

5
F(l00) — it P~ m~ exp

i—i I

For X* = 0.008, the number of additional redundant components are found to be
= 2 , m2 = 3,m3 4,m4 = 3,m5 = 2 for a total weigh t of:

S
W —  ii m W  — 104 lb

1=1 ~

The objective function optimized is now :

f *(100) — 0.9063

The optimized system survivability is:

f*(100) exp (+x*m
1w1)

— (0.9063) e104 X~

— 0.984

This example has fictitious input data. It is strictly an illustrati ve example , but it does
bring out the strength of dynamic programming for system-effectiveness/design trade-off
decision-making.

SURVIVABILITY ASSESSMENT STUDIES

F-4 FUEL SYSTEM VULNERABILITY REDUCTION ’3

A reduction of F-4 fuel system vulnerability was evaluated to demonstrate using
aircraft attrition models for vulnerability assessment. The flightpath of the F-4 was a
straigh t 1in~ flyby , at a 5000-foot altitude and a speed of 430 knots, and with an offset of
2000 feet. The AAA was a Quad 23 with characteristics defined in AFAT L report 72-3.’~

13 Raytheon Compeny A Quick Study of F.4 ~~d Syatem VathseivHUy Reduction , by RB . Smith. Sudbury . MA ,
Re, N~,~.embc, 1973. (Memorandum RBS-73-09. publkathon UNCLASSIFIED.)

Air Fotce Armament Test Laboratory. Documentation of Anti-A Li-craf t ArrUle ry Straukilo., Computer Pro~
Ø’~fl? (Li). E~$in AFB. FL, AFATL. 1972. (Report 72.3, Program POOL Volume II , publle.tion SEL’RET.)
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p

F-4 AV data fora K-kill were obtained from an ASD/SR draft 15 and adapted for input
to the POOl , SIMFIND 2 , and EVADE II. The programs were run with the fuel system AV
at 100 , 75 , 50 and 25 percent of its total A V. The result of this comparison is shown in
Table 7 , where the number of kills per thousand passes is shown as a function of the
magnitude of the fuel system AV. Table 8 shows the same data ex pressed as a percen t
reduction in kills.

A proble m in SIMF IND 2 was corrected by changing the time-of- flight algorithm. As
described by Raytheon (see footnote 10), an algorithm similar to that of POOl was used. To
simulate a Quad 23 (which is assumed to ha ve an electronic fire control computer), the
cou rse and climb angl e dispersions were set to 2 degrees and the range error 5 percent.

Table 7. Number of Kills Per 1000 Passes.

Fuel system AV, ~
Program

25 50 75 100

P00 1 7.6 9.5 11.7 13.7

EVADE II 6.3 8.0 9.9 11.8

SIMFIND 2’ 6.0 6.8 7.7 8.8

With diff rrw tim..of.fIlght algorithm.

Table 8. Percent Reduction in Kills Per 1000 Passes.

Fuel system AV, ~Program
( 25 50 75 100

POO l 44 30 I S 0
EVADE II 47 32 16 0

SIMFIND 2’ 32 23 12 0
______________________________ — __________ _______________ ________________ ____________________

‘With difforsnt tin.’ot-fIlgI,t dpoclthm.

Aeronautical Systems Division (AFSC) . F 411 VulserabSity Andys,s. Wr~ ht.P.ueraon Al - B , OH , ASD . March
1973 (ASD/SR draft . CONFIDLNTIAL. )
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SURVIVABILITY ASSESSMENT METHODOLOGY HANDBOOK

Approach

Flightpaths for F-4, A-7, and AH-IG aircraft and threat data arrays for the 7.6-, 12.7-,
14.5-, and 23-mm threats were processed in POOl with a normalized AV (1-m sphere) to )
obtain the latit ude , longit ude , and VS (striking velocity ) of each shot and the P~j on the
sphere . Then , taking the 6-sided AV table for a given kill level and the said parameters , the

was calculated for changes of A~ in each side. The PS fo r each side is presented
graphically for each scenario in the handbook.

The AV of the 6 sides was projected separately on a plane perpendicular to the VS.
Therefore, a back side projected zero AV and had a PS 1.

For each shot j in the engagement:

6
P — -  E Ày “Hs

1 1=1 1

However , 
~~ 

can be appro ximated by,

6
— ‘~y p

~ — I. — Ày PH (Refer to limitations.)
I i—i ii i I

Similarly, for the engagement,

M
P0 — iT P0
° j —i. ~~~~

whe re M = tot al shots.

Therefore,

M / 6
P — it h r  P

i_ i \i—1 ii

IIIIIuIIIu IuI!!!!”~ 
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Since 
~s 

is mult ipl icat ive :

6 / M
P
S — IT it P

i=i \ii ~ii

6
= it

1=1 ~‘i

where,

M
— it PS

~
‘1 j — i  ii

With PS1 for each side , the PS or ~K can be computed. Taking the 6-sided AV table , the area
for each side Ày1 is calculated for the VS. Then each side is projected on a plane
perpendicula r to the VS by using the latitude and longitude of the VS. The ~K is computed
from the projected area and the 

~~
Therefore,

P — 1 — PS
11 

K
11

Prelimin ary Designer’s 1’ idbook

The designer will go through the following sequence:
I .  Determine scenarios of interest
2. Choose type(s) of kill
3. With each scenario and type of kill a reference VS is given . The AV of each side is

computed for t his VS
4. Using these Ay, ~~ for each side is determined from graphs for the scenario and

t ype of kill
5. The 

~~ is computed by multiplying P~ of the 6 sides.

Limitations

The 
~H 

on the normalized sphere places a restriction on the AV, namely:

—s-- << I where ~2 is the variance of the shot distribution .
2ira2

71
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v

This is applicable to data generated from POO l and for PS. when:
I

6 i
it (I. — Ày is expanded the higher order term s

I 1—1\ 1 1/

(A~ P
H )  

<< Ày1 ~H1

The derivative of the Ày at the reference V5 is assumed constant for changes in AV :

dVs new dvs 
Aold

In comparison with POO l , the ~K may differ by 10 percent while the PS may differ by
1/2 percent. This occurs because for POOl , a 6-sided AV table (90 degrees apart) is used end
then linearly interpolated between sides. This linear approximation of the direction al angles
is within 10 percent of that for the directional cosine method.
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Appendix A

SIMFIND 2

p sIRv lm) TEST CASE - 19 NOV 1973 — CASE 1 (5) RUN mNtam
RIFt. —O 1.000 1
xcFrs —0 43.000 2
VCnN -0 723.380
REP? -0 16000 .000 4

—0 3051.330 5
0< —0 .209 6
X RDCUN -O 0.000 7

S PR -0 5.000 8
REP?2 —O 9842.520 9
TUBES —0 4.000 10
1<1 —0 5.000 11
5<2 -O (1.000 12

—0 0.000 13
5<11 —0 7.000 14
8<22 —0 79.000 15
8<33 — O 0.000 16
THEINU -0 80.000 17
PH I D MX —0 45.000 18
PRIMAX —0 85.000 19

—0 1.420 20
AS —O 1.760 21
AU —0 1.880 22
AR —0 .100 23
X R( 1) —0 0.000 24
X R(2) — O 0.000 25

r XR (3) -0 0.000 26
TRJECT —0 0.000 27
TSETL. -0 2.000 28
TYPE —0 1.000 29
RITES —0 50.000 59
SEED -O 188431.000 60
VW~.(1) —0 3051.330 71
RYN -0 0.000 79
SIC.VM —0 68.893 80

C DCMASE -0 0.000 Ii
DELAY —0 2.000 82
P811tH, -0 -10.000 83
B~ tEA8 —0 0.000 86

r SICPR1 —0 .050 87
IBSIG -0 0.000 88
SICPI —0 .050 89
SIC .PSI1 —0 .035 90

SIC.PSI —0 .033 ~ 1

t SICPSI —0 .035 fl
S(IOET1 -0 .035 93
SC.ZETA -0 .035 ~4
~ tvr —0 723.400 95
smrw -0 35.400 86
SIC.RAT —0 0.000 ~1
t~ NII -0 .400 98
TCONZ -0 .400 86

1 -0.000 -O

- — AIseBAP ? TIAJ ICTO*T S

~~~~ ~~~~S 1)111 * ALTITUDE
—22367.000 2000.000 1000.000
—22233.313 2000.000 5000.000
-21510,236 2000.000 5000.000
-20781.854 2000.000 3000.000
—20033.472 2000.000 5000.000

- - - 
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Appendix B

SUBROUTINE GUNAIM

$ SUBROUTINE GUNAIM 03C 6600 PIN V3.O-353A 0~T—1

SUBROUTINE GUNA II(

0
o GUNAIM COMPUTES THE THEORETICAL TIll! OP FLIGHT 101 THE PIOJICTILI
0 AND THE THF.ORE’TICAL D(PAC~ POIET ilLATIVE TO IKE OUl.

5 0

Z COUPDIM
COMMON APSA (6), *21. 31(200,3), 12(200,3), RITA?
COMMON DOT. DATA(100) , DEL?, DDT, DZA&(3)
COMMON EBETAF , EPHID , EPHIP, ~~SIP , ~~

10 CINOION EEl , ETHETO, zinzr ,, ~VP,
COMMON CRTM, H , Ill , 113, IPS
COMMON 116, Ill, 118 , 1711(3)
COMMON KITS, N, NOUH, 11(3), PHI

• COMMON PHIDT.0(, PHIDTA, PHI!, PHI? , NU4AX
b 15 COMMON PHI MIN , PIKE, PE(8) , PR!, f l ip

COMMON R , RA IR , RAIN, 131*3, 000T
COMMON RE , RI , RCSUM, PIN, SCPRAP
COMMON SC.PRX, SGZETX , SIGERR, SlOP, 511001,
COMMON SVX ( 3) ,  TIIRE , TELOT, TILT, 11(3)

20 COMMON THEDI!X , THEDTA, THETA, THETA!, THETA?
COMMON 11(200), TIM, VP, VI(200), V~S(S)
COMMON VP , VZZ , XAPT(3) , ~~(200,3), HE0(200,3)
COMMON XDOZz(3), XDF(3) , XOZZ(3). ~~ (3) , 11(200 ,3)
COMMON XMl!, ZETA!, ZETAP -

25 COUPOIM
EOUIVALENCE (VM ,DATA(3)) ,(DX ,DATA(6))
DATA(ITER S 2O)
FVF iR~ EVP*COS (EZETA?)
VXE.EFT12*COS (EBETA?)

L 30 VVE~ VP12*StM(EB!TAI)
VZE EVF*S IM(EZETAF)
VSP~ERP*COS(EpH11)*C0S(ET11EIP)
YP?~~ERP*COS (EPHIP )*SIN(ETHEIP )
Z PV.ERP*STN(EPHIF)

35 VS—V )1 S RS— O
IFL GI— O. O
00 510 I—1 , ITERS

t XE— XFF+VXE*IPLCT
YE Y PV+VVE*TFLCT

40 ZE— ZPF+vZE*IPUT
RE- Sfl R I(X E*XE+Y!*YE+ZE*ZE)
RC— RE—K S
1~~ ( KS .LT.1) GO TO 320

Yc— VS- (XE*vx !+Y!*VYE+ZE*Vfl) /1!
4 ,  1V(VC.L T.1.) GO TO 515

TV141-IVLOT+RC/VC
DEN . 1./U. +DKaT?LcT )
RS.VPI~TVT.flT*DEN
VS~VM*DEN*DEN

510 CONTINUE
515 IFS— 1P6—0

RETURN -. -
S20 1P(RS .t~T.nATA (9)) 00 10 515

• 
1P(IPL(T.(,T.12.) (‘.0 TO 315
118— 1
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-J
SUBROUTINE CUNAIN a~c 6600 PIN V3.O—331A OPT—i

116- 116+1
I?LT IVLCT

0
04 COMPUTE THE THEORETICAL I?~ ACT POINT 105 ITION VECTOR AND THE

60 0 GUN POSITION ANGLES
0

XAPT(1) — XE
XAPT( 2) — YE
XAPT(3) — ZE

65 TH(1)—TH(2)
PK ( 2). ’P H (3)
CALL THEPHI(XAPT(1),ZAPI(2) ,XAPT(3) ,L’XN,GR’N,TH(3),PI(3))
IF (DATA (7).C T.O .5) 010)1—RN -)

70 RETURN
VID
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135th Aviation Co.
Fort Ord , CA 93941

Attn: (Attack Helicopter Group)
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Ft. Belvoir, VA 22060
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2100 Second St., SW, Em l400C
Washington , DC 20591
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Deputy Chief of Staff  (AIR)
Marine Corps Headquarters
Washington , DC 20380

Attn:  AAW—6 1 (LT COL F. C. Regan)

FAA/ NAFEC
Atlantic City , NJ 08405

Attn: ANA—430 (W. D. Howell)
Attn: ANA—64 (NAFEC Library)

Foreign Technology Division (AFSC)
Wright—Patterson AYE, OH 45433

Attn: FTD/ETWD (C. W. Caudy)
Attn: FTD/NICD
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HQ Air Logistics Command
McClellan APB , CA 95652
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Marine Corps Development Center
Quantico, VA 22134
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NASA — Amee Research Center
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NASA — Johnson Spacecra ft Center
Hous t on , TX 77058

Attn: EC (F. S. Dawn)
Attn: JM— 6 (R.W. Bricker)

NASA — Lewis Re8earch Center
21000 Brookpark Rd. S

Mail Stop 500—202
Cleveland , OH 44135
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Naval Air Development Center
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Attn: Code 2043 (L. M. Rakszavski)
Attn : Code 30C (R. A. Ritter)
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Washington , DC 20361
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Attn: MAT—0331 (H, G. Moore)

Naval Ordnance Station
Indian Hea d, MD 20640

At tn: Code 515 (N. R. Shaffer)

Naval Postgraduate School
Monterey , CA 939 40

Attn: Code 53WG (P. C. C. Wang)
Attn: Code 57BP (R. E. Ball)
Attn: Code 5ThT (M. H. Bank)

Naval Research Laborato r y
4555 Overlook Ave., SW
Washington, DC 20375

Attn : Code 262 7 (Director)
Attn: Code 4109 (3 . M. MacCa llum)
Attn: Code 5470 (R. D. Misner)
Attn: Code 5550 (3. R. Anderson)
Attn: Code 5730 (B. E. Koos)
Attn: Code 6373 (W. 3. Ferguson)
Attn: Code 6410 (3, T. Sch riempf)
Attn: Code 8432 (H. L. Smith)

Naval Sea Systems Command
Washington , DC 2036 2

— Attn : SEA—0 351l (C. H. Pohier)
- - Attn: SEA—6543 (F, W. Sieve)

H- Naval Ship Engineering Center
Hyattsville , MD 20782

Attn: Code 6l05D (Y. H. Park)

Naval Surface Weapons Center
Dahlgren Laboratory
Dahlgren , VA 22448

At tn: DC— b (3. B. Ball)
Attn: DG—lO (S. Hock)
Attn: DC— b (T. L , Wasmund)
Att n : DC—104 (T. H . McCant a)

o Attn: DK 20 (H. P . Caster )
Attn: DK—2 30 1 (B. V. Mon trief)
Attn: DT—5l (J. F , Horton )
Attn: Library (A. D. Hopkins)
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Naval Surface Weapons Center
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Attn : WA—il (R. W. Craig)
Attn : WA—lb (L. C. Dixon)
Attn:  WA—li (E. F. Keiton)
Attn: WU-4 1 (J, C. Hetzler)
Attn : WX-2 1 (Library)

Naval War College
Newport , RI 02840

At tn :  P resident

Naval Weapons Center
China Lake, CA 93555

Attn: Code 31 (M. M. Rogers)
Attn : Code 3123 (V. K. Fung)
Attn: Code 31701 (M. H. Keith)
Attn: Code 318 (H. Drake )
At tn:  Code 318 (C. Padgett)
Attn : Code 3181 (J. J. Morrow)
Attn: Code 3181 (C. B. Sandberg)
Attn: Code 3183 (C. Moncsko)
Atte : Code 3183 (W. W. West)
Atte: Code 3831 (H. E. Backman)
Attn : Code 3943 (W. L. Capps, Jr.)

Naval Weapons Support Center
Crane , IN 47522

Attn: Code 502 (N. L. Papke)
Attn: Code 502 (D. K. Sanders)

Office of Naval Research
Arlington , VA 22217

Attn : Code 210 (D. C. Lauver)
Attn: Code 474 (N. Perrone)

Pacific Missile Test Center
Point Mugu, CA 93042

Attn: Code 0160 (A. R. Burge)
Attn: Code 1251 (A. Pignataro)
Attn: C~de 1332 (3. K. Bok)
Attn : Code 1332 (V. E. Chandler)
Attn: Cooe 1332 (B, E. Nofrey)
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Rock Islan d Arsenal
Rock Island, IL 61201

Attn : DRSAR—PPV (D. K. Kotecki)
Attn : DRSAR-RDG (L. J . Artio li)
Attn : DRSAR—SAS (S. Olsen)

Warner Robin8 Air Logistics Center
Robins AFB , GA 31098

Att n: WR~ALC/ !4IET (LT COL G. G. Dean)

Aeroquip Corp.
C Subsidiary of Libbey—Owena Ford Co.

300 S. East Ave.
Jackson, MI 49 20 3

Attn: R. Rogers

AiResearch Manufacturing Co. of California
A Division of the Garrett Corp.
2525 W. 190th St.
Torrance , CA 90509

Attn : Lib rary

Analytic Services Inc.
5613 Leeaburg Pike
Falls Church , VA 22041

Attn: Chief Lib rarian (F. G. Binion )

Armament Systeum , Inc.
712—F North Valley Street
Anaheim, CA 92801

A’ tn : J. Mua ch

Arnold Research Organization, Inc.
Arnold APS, TN 37389

Attn: T. J. Gillard , ETF

A. T. Kearney and Company, Inc.
Caywood—S chiller Division
100 South Wacker Drive
Chicago , IL 60606

Att n: R. H. Rose
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Lycoming Division
550 So. Main St.
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Attn z H. F. Grady
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505 King Ave.
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Beech Aircraft Corp.
9709 E. Central Ave.
Wichita, KS 67201
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Bell Helicopter Textron
Division of Textron Inc.
P.O. Box 482/Hwy 183
Fort Worth, TX 76101

Attn: J. F. Jaggers
Attn: J. R. Johnson

Boeing Vertol Company
A Division of the Boeing Co.
P.O. Box 16858
Philadelphia, PA 19142

Attn: J. E. Gonsalves, fl/S P32—19
Attn: N/S P32—01

Booz.Allen Applied Research
724 Beal Parkway
Fort Walton Beach, FL 32548

Attn: W. R. Day

Calapan Corp. j  I
P.O. Box 235
Buffalo, NY 14221

Attn: Library (V. M. Young)

CDI Corp.
M&TCo .
2130 Arch St.
Philadelphia, PA 19103

Attn: R. L. Hall
Attn: E. P. Lorge

Center for Naval Analyses I)

1401 Wilson Blvd
Arlington, VA 22209

Attn : P. B. DePoy , ORG

Cessna Aircraft Co.
Wallace Division o
P.O. Box 1977
Wichita , KS 67201
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• COMARCO inc
1417 N. Norma
Ridgecrest , CA 9 3555

Attn: D. Smith, 2 copies

E—Systeum Inc.
• Greenville Division

P.O. Box 1056
Greenville , TX 75401

Attn: C. H. Hall, 8—55200C
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• Fairchild Industries, Inc.
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Attn: G. Mott
Attn: D. C. Watson
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= Falcon Research and Development Co.
2350 Alamo Ave., SE
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• Attn: W. L. Baker

Falcon Research and Development Co.
696 Fairmount Ave.

J Baltimore, MD 21204
Attn: J. A. Silva

‘ I
Fires tone Tire & Rubber Co.
Firestone Coated Fabric Co. Diyiaion
P.O. Box 869
Magnolia , AR 71753

Att n: S. 0. flaw
0

General Dynamics Corp.
Convair Division
P.O. Box 80877
San Diego, CA 92138

Attn M. Kantor , MZ 613-00
Attn : Research Library, )~ 652—10 (U.S. Sweeney)

General Dynamics Corp .
Fort Worth Division
Grants Lane, P.O. Box 748
Port Worth, TX 76101

• Attn : P. B. d.Tonnancour/G. W. Bowen
Attu : Tech Library , ?~ 2246
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General Electric Co.
Aircraf t Engine Business Group
1000 Western Ave.
West Lynn, MA 01910

Attn: E. L. Richardson, ELM, 24055
Attn: J. M. Wannemacher

General Electric Co.
Aircraft Engine Business Group
Evendale Plant
Cincinnati, OH 45215

Attn: AEG Technical Information Center (J. J. Brady)

General Research Corp.
P.O. Box 3587
Santa Barbara, CA 93105

Attn: R. Rodman
Attn: Tech Information Office (K. S. Taamen)

Goodyear Aerospace Corp.
1210 Massillon Rd.
Akron , OH 44315

Attn: T. L. Shubert, D/910
Attn: H. 1). Smith, D/490G—2
Attn: J. E. Wells, D/959
Attn: Library, D/152G, (R. L. Vittitoe/J. R. Wolfersberger)

Grumman Aerospace Cor p.
South Oyster Bay Rd.
Bethpage, NY 11714

Attn: J. P. Archey Jr., D/662—E—14, Plant 05
Attn: R. W. Harvey, 1)/661, Plant 05
Attn: H. L. Henze, D/471, Plant 35
Attn: Technical Information Center, Plant 35 (J. Davis/C. V. Turner)

Hughes Helicopters 
~
-

A Division of Summa Corp.
Cent inela & Teale St.
Culver City, CA 90230

Attn: R. E. Rohtert, 15T288
Attn: Library, 2/T2124 CD. K. Goss)

Institute for Defense Analyses
400 Army—Navy Drive
Arlington, VA 22202

Attn: J. Metzko, WSEG
Attn: P. Okamoto , DThO
Attn: P. C. Parsons, WSRG
Attn: J. R. Transue
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ITT Research Institute
10 West 35 Street
chicago , IL 60616

Attn: I. Pincus

JG Engineering Research Associates
3831 Menlo Dr.
Baltimore, MD 21215

Attn : J. E. Greenspon

Kaman Aerospace Corporation
Old Windsor Rd.
Bloomfield, CT 06002

Attn: H. E. Showalter

Lockheed—California Co.
A Division of Lockheed Aircraft Corp.
P .O. Box 551
Burbank , CA 91520

Attn : L. E. Channel
Attn: C. V. Cook, 75—84
Attn: Technological Information Center, 84— 40

Lockheed—Georgia Co.
A Division of Lockheed Aircraft Corp.
86 S. Cobb Drive
Marietta , GA 30063

Attn: D. R. Scarbrough , 72—0 8
At tn : Sci—Tech Info Center , 72—34 (T. J. Kopkin)

C Martin Marietta Corp.
Orlando Division
P.O. Box 5837
Orlando, FL 32805

Attn: Libra ry (M. C. Griffith)

C McDonnell Douglas Corp.
3855 Lakewood Blvd.
Long Beach , CA 90846

Attn: Technical Library , Cl 290/36— 84

McDonnell Douglas Corp.
C’ P.O. Box 516

St. Louis, ?t~ 63166
Attn : B. D. Detrich
Attn : R. A. Eberhard
Atto: M. Meyers
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Hawthorne, CA 90250

Attn: J. H. Bach, 3680/ 35
Attn : V. B. Bertagna , 3451/32
Attn: H. W. Jones, 3369/32
Attn: W. Moblenhoff, 3680/ 35
Attn: J. R. Oliver, 3628/33
Attn: J. F. Paris 3628/33

Northrop Corp.
Ventura Division
1515 Rancho Conejo Blvd.
Newbury Park, CA 91320

Atta: M. Raine

Norton Co.
One New Bond St.
Worcester, MA 01606

Attn: P. B. Gaidner

Potomac Research, Inc.
7655 Old Springhouse Rd.
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McLean , VA 22101

Attn : S. 3. Nelson
Attn: D. E. Wegley

PRC Technical Applications Inc.
7600 Old Springhouse Rd.
McLean , VA 22101

Attn: Security Officer

Protective Materials Co.
York and Haverhill Streets
Andover, MA 01810

Attn: 11. H. Miller

RAND Corp .
1700 Main St.
Santa Monica, CA 90406

Attn : N. W. Crawford
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C Raytheon Company
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At tn : R. Smith
Attn: A. S. Soltes
Attn: J. K. Wetzel
Attn. L. R. Doyon

R&D Associates
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Marina Del Rey, CA 90291

Attn: H. W. Revert
C Attn: Technical Information Center
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Product Development Div.
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Richmond , VA 23261
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Rockwell International Corp.
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Attn: W. L. Jackson
Attn: S. C. ?4ellin
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Rockwell International Corp.
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Russell Plastics Technology Inc.
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Stanford Research Institute
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Attn : J. A. Navarro
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Toledo, 011 43612
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Att n: D. Y. Sink , M/S 1(16—14
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P.O. Box 3999
Seattle, WA 98124

Attn: 3. G. Avery, M/S 41—37
Attn : B. C, Blaisdell , N/S 8C-~42
Attn : R. J. Helzer , M/S 13—66

The Johns Hopkins University
Applied Physics Laboratory
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